

























































We demonstrate that the preparation of a very well localized atom
beam is possible without physical interaction. The preparation is based
on the selection of an adequate ensemble of atoms of an originally wide
beam by means of information obtained with a neutron interferometer.
In such a case the uncertainty relation can no longer be interpreted as




In 1927 Heisenberg formulated the uncertainty relation, which expresses the
fact that the expectation values of two non-commuting observables cannot be
determined with arbitrary precision. He demonstrated this by means of a -ray-
microscope, which since then has been discussed in many textbooks of quan-
tum mechanics. In such a (gedanken-) microscope the location of an electron
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is determined by -photons which are scattered on the electron. Due to the
Compton-eect the momentum of the electron will be changed when the posi-
tion measurement (scattering of the photon) takes place. Because the resolution
of the position-measurement is related to the wavelength of the photons, the mo-
mentum transfer in the scattering process will increase as the accuracy of the
position-measurement is increased. Therefore it is not possible to determine
both, position and momentum, with arbitrary precision.
This and many other examples which have been invented to illustrate the
meaning of the uncertainty relationmay lead to the assumption that this relation
is always based on a physical interaction between the measured system (elec-
tron) and the system by which the measurement is performed (photon). This
assumption is reasonable when it is assumed that no measurement is possible
without physical interaction. [Cf. [1]: measurement by interaction is associated
with the exchange of at least one quantum of action.] The term \physical in-
teraction" is used here for processes which are associated with the exchange of
at least one quantum of action.
The same considerations may also be applied to the preparation process.
In experiments, properties like the spatial extension or the energy of a system
usually are controlled by methods which imply physical interaction with the
system. Thus the limits in dening the initial conditions of a system as expressed
by the uncertainty relation may again be interpreted as a consequence of the
physical interaction occurring in the preparation process.
In this paper we will discuss a preparation method which involves no phys-
ical interaction, thereby strictly excluding such a mechanistic interpretation of
the uncertainty relation. In the proposed setup we use the idea of interaction-
free measurement which has been presented by Elitzur and Vaidman [2, 3, 4].
They have shown that the presence of an object can be detected without inter-
acting with the object by making use of a Mach-Zehnder interferometer. This
interaction-free measurement scheme has been optimized and realized in an ex-
periment performed by the group of Zeilinger in Innsbruck [5] [6].
The Gedanken-experiment
In its simplest form, an interaction-free measurement can be made with a Mach-
Zehnder interferometer (cf. Figure 1). When this kind of interferometer is
empty, the amplitudes leading to detector D
2
interfere destructively and there-
fore only detector D
1
can re. If we insert into path I an object which is
assumed to be a perfect absorber, this path is blocked and no interference can
occur. Then both detectors will re with equal probability. Thus, if a single
photon is sent into the interferometer and a click is detected in D
2
, one knows
with certainty that an object is present in path I without having interacted
with this object. Of course it is also possible that the photon is absorbed by the
object or detected in D
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are detectors. If there is no absorber (opaque object) present in path I
output 2 is dark and only detector D
1
res. As soon as path I is blocked both
detectors can re. In case D
2
res one knows that an absorber is present in
path I without having interacted with it.
performing an interaction-free measurement. With a more complicated setup
the percentage of successful trials can come arbitrarily close to 100% [5].
We now turn to our method of interaction-free preparation of a narrow atom
beam from an originally wide one. Consider the Mach-Zehnder interferometer
for neutrons shown in gure 2. Let w
n
be the width of the beams inside the
interferometer. In path I the neutron beam propagating along the x-direction
is crossed by a beam of
157
Gd-atoms which is parallel= to the z-direction and
has the width w
Gd
(cf. Figure 2). We use
157
Gd-atoms, because they are
highly ecient neutron= absorbers. The Gd beam is assumed to be wider than




). Without the atom beam all neutrons passing
through the interferometer will be detected in D
1
. As soon as we turn on the
Gd-beam, path I of the neutron interferometer will be blocked once in a while
by an atom, which acts as a neutron absorber. Then also detector D
2
can re.
If it res one knows that the Gd-atom was present within the region of width
w
n
dened by the neutron beam in path I. Because path I was blocked by the
Gd-atom one also knows that the= neutron detected in D
2
took path II and
therefore never interacted with the Gd-atom. Interaction-free preparation of a
Gd-beam of width w
n
from an= originally much wider beam is thus possible by
installing a shutter for the Gd-beam after the overlap with the neutron beam in
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path I. This shutter opens only - with a suitable time delay - when a neutron
is detected in D
2
, thereby permitting the selected Gd-atom to pass on.
Formal description
We now turn to a more detailed discussion. For the sake of simplicity the neu-
tron beam is assumed to be of rectangular cross section with constant transverse
probability density. This comes close to real experimental conditions. An analo-
gous assumption is made for the atom beam. For the following it is sucient to
consider only one= transverse direction of the beams. Similarly, their longitudi-




is assumed, we represent the
transverse probability density of the atom beam in real space as a superposition




, which exactly crosses the neutron
beam (cf. gure 2), and of another wavepacket jai
0






When the neutron and atom wavepackets overlap the following processes can
happen:
(i) Neutron and atom don't interact.
(ii) The neutron is scattered by the atom.
(iii) The neutron is absorbed by the atom.
Corresponding to these possibilities the combined state of the atom and of the
neutron in path I after the overlap is given by
jni
I























are the probability amplitudes for scattering, where l labels the exchange
of momentum and kinetic energy between neutron and atom, and therefore also
appears in the resulting state vectors. s
0
is the amplitude for forward scattering,
which neither changes the state of the neutron nor that of the atom, but adds
a phase factor. The absorption amplitude is given by z. The amplitude c in
the rst term on the right hand side expresses the probability that the Gd-atom































































































Figure 2: Neutrons from the source NS are incident on a Mach-Zehnder neutron




. In path I
the neutron beam propagating along the x-direction is crossed by a
157
Gd-atom
beam which is parallel to the z-direction. It is assumed that the atom beam is
wider than the neutron beam as shown in the detail clipping.
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Note, that for the interaction of slow neutrons with
157
Gd, scattering is four
orders of magnitude less likely than absorption, because the cross section for






) whereas that for scattering is of the
order of 10 barns. (No exact value is known for
157
Gd. The value for natural
gadolinium, which contains 15.65% of
157










Now the probability amplitude for detection of a neutron in D
2
can be
calculated. The neutron can reach detector D
2
by the following routes:
(i) It passes through the interferometer along path II.
(ii) It passes through the interferometer along path I and is neither scattered
(except forward scattering) nor absorbed.
Thus we get for the combined state of the neutron just before detector= D
2
,


























The two states contributing to the output of the Mach-Zehnder interferome-
ter towards detector D
2
are functions of the input state jni
0
. Neglecting the
































With realistic dimensions of the beam width w
n
, from a few m upwards, and
with the usual very sparse beams, most of the= time the neutrons and the
Gd-atoms will not interact (c  1). But in the rare cases when an interaction




























Equation (5) expresses the fact that by detecting a neutron in D
2
one has







is thus indeed conned to a wavepacket, which has the width of the neutron
beam. This corresponds to a gain of knowledge about the position of the atom.
Because the neutron by which this gain has been reached almost always took
path II and therefore cannot have interacted with the atom, this is a method
of preparing the state jai
R
without any physical interaction.
6
Discussion
One can think of an atom beam as being composed of ensembles with much
narrower spatial distribution than the width of the atom beam as a whole. We
have demonstrated that for
157
Gd-atoms, which interact with neutrons almost
exclusively by absorbing rather than by scattering them, such ensembles can be
prepared by means of a neutron interferometer without any physical interaction.
It is an essential feature of the discussed setup that those atoms which were
localized within path I of the interferometer are selected by neutrons which
took path II. Because this path can in principle be arbitrarily far away from
the atoms it is justied to call this selection method interaction-free. This is also
the main dierence to measurements of the kind of Heisenberg's -microscope.
As shown by Dicke [7] in such measurements physical interaction is always
involved.
It is important to notice that by our selection method it is of course not
possible to change any property of the atom beam. Clearly, physical properties
like the energy or spatial distribution of a system can not be changed without
physical interaction, as this would violate the rst law of thermodynamics.
The preparation method discussed in this paper is based on the selection of
a subensemble of the original atoms. As has been shown the selected ensemble
has dierent properties than the atom beam as a whole. In fact the width of
the prepared atom beam is much smaller than that of the original one. Conse-
quently the momentum distribution is much broader. Because the momentum
distribution of the atoms can not be changed by our selection scheme we have to
conclude that a subensemble of atoms is selected which already had a broader
momentum distribution.
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